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Uniuersity

Angular differential cross sections for the proton-impact excitation of ground-state helium (1 S)
to the 2'S and 2'P states have been measured for the first time in the energy range 25 to 100 keV
with use of the energy-loss technique. The data indicate that, for very small scattering angles, at 25
keV the 2'S differential cross section is greater than the 2'P differential cross section. For impact
energies greater than 50 keV, the 2'P differential cross section clearly dominates over the 2'S cross
section in the very small scattering angle region. The present data have been numerically summed
and integrated to compare with previous absolute experimental measurements on related processes.
These are in very good agreement with the present results. An eight-state impact-parameter calculation incorporating the electron-capture channel was performed and resulted in the best agreement
with the experimentally determined differential cross sections.

I.

cross-section predictions. The poor agreement between
the various theoretical predictions ' as demonstrated in
the literature indicate that those collisional processes are
not well understood.
The processes that were studied in the present experiment are

INTRODUCTION

The proton-helium collisional system. provides an imthe basic physics
portant opportunity for understanding
governing atomic collisions. This is the fundamental collisional system in the class of ion-two electron atom interactions, and because of its importance, numerous experimental'
and theoretical
efforts have been devoted
to studying excitation to the lowest excited states in this
system. Recent studies on the related processes of elastic
and electron capture
in proton-helium colscattering
lisions have resulted in information about these processes
that can be applied to the general theory of collisions. For
instance, it was demonstrated by Peacher. et al. that no
channel or process can be safely neglected in an accurate
theory concerning the elastic scattering of protons from
on this
helium. Likewise, the excitation measurements
the general impactsystem may help in understanding
excitation phenomena in ion-atom collisions.
The fact that the proton-helium system can be experimentally and theoretically handled with well-established
techniques makes this system ideally suited to test basic
concepts about collisional physics. The proton is a structureless projectile which does not complicate the understanding of the scattering. As predicted by the Wigner
spin-conservation rule the triplet states are not significantly excited. This effect has been studied by van Eck
et al. (and references cited therein) at 30 keV. They reported that the triplet total cross sections by proton impact were at least a factor of 100 less than the corresponding total cross sections by hydrogen impact. The n =2
singlet states available for excitation from the ground 1'S
state are only the optically forbidden 2'S and the optically
allowed 2'I' states.
Although data for the composite n =2 level have existed for some time, it has been demonstrated in the literathat the composite n =2 level results mask vast
ture '
discrepancies in the individual state resolved 2'S and 2'I'

"
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H++ He(1'S) ~H+(0)+He'(2'S)
~H+(8)+He*(2'P) .
The data reported here represent the first measurements
of angular differential cross sections for proton-impact
excitation to these states in this fundamental collisional
system.

II. EXPERIMENTAL METHOD
'

A. Apparatus
Rolla Ion-Energy-Loss
The University of Missouri —
Spectrometer (UMR-IELS), shown in Fig. 1, was the instrument that provided the necessary high resolution in
both scattering angle and energy loss for measurements of
differential cross sections for proton-impact excitation of
helium to the 2'S and 2'P states. The UMR-IELS apparatus, data acquisition method, and method of deconvolution of the real differential cross sections from the apparent cross sections are described in detail in previous paOnly a synopsis of these aspects of the
pers. ' ' '
UMR-IELS will be presented here for continuity. The experimental arrangement was an acceleration-deceleration
system so that the voltage fluctuations of the 15- to 200kV high-voltage
power supply did not degrade the
energy-loss resolution. In this manner an E/b, E of 10,
or better, was achieved. The variable-angle ion accelerator
was pivoted about the center of the scattering chamber by
a computer-controlled
stepping motor. The horizontal
motion of the ion accelerator about the center of the
1369
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rsit .of Missouri —
Rolla Ion-Energy-Loss Spectrometer
ter (UMR-IELS). The unit chair located to the
h'
d'isp 1ay terminal provides an estimation of the
left of the graphics
th size
i
oof tth e UMR-IELS

tt ring cchamber defined the scattering plane. The labscattering
net an
and decelerator were stationary and deteroratory magne
mined the detection trajectory of the scattered
tered ion beam.
Proto n were produce
y a Colutron ion source cono a p lasma region, extractor-einzel lens, an
sisting of
ien
'
f'1
i ter. Thee Wien filter selected the desired ion s p ecies and
rovided additional focusing of the ion beam. A set of
deflection plates an d a 0 102-cm aperture-movable flag aser the Wien filter for ion-beam disembly were a dd ed after
'
agnostics and
nd sspaatial
ia definition.
The ion source typica y
e
produced a stable proton current of 1 to 10 nA
A measure
measured
A voltage, consisting of the voltage of the main igvoltage power supply and a precision energy-loss
b,
ie too the accelerator terminal to acvoltage, was aapp lied
celerate the
h proton
t beam
earn to. the desired collisiona 1 energy.
encl
'
The spatia 1 d ef'ini't'on
i
of the incident ion beam was prob
t f horizontal and vertical movab e s its, ocated between the deflection-plate
assemb y an
Th scattering
The
tt ing cchamber
am
was differentially pumpe
y a
-in. oi
oil diffusion pump. The backgroun
r und p restrappe d 6-in.
sure in the scattering chamber and housing, w'
without tar et
as, was typica 11y 5 X 10
Torr, and with 10 mTorr of
helium in the ch am b er, the background pressure in the
housing increase d to 2&10 Torr. Helium gas was admitted to t h e ch am b er through a piezoelectric valve conlied
a microcomputer-based
b
evice.
evice.
The
scattering-chamber pressure was measured y an
strumenis Mo d e1 N o. 170 capacitance manometer.
A
cu p was located so that it could be inserted into
'
th e inc'ident proton beam at the center o
e sc
chamber. The current on the cup was indepen
e endent of the
'
scattering angle and provided norma
rmalization
iza
of the incident proton b earn. Th e front and back apertures defined

the scattering length (l=1. 14+0.02 cm) in this experiment.
A, laboratory magnet located after the scattering
chamber provi 'ded
e a d..c. magnetic field perpendicular to
the scattering d etection plane. This arrangemen
pe
of the scattere pa
i
ted the posi t ive identification
-ca ture
ure coins that had not undergone an electron-cap
lision were directed throug
t e
por
'
wo sets o e ec ion
d t th deceleration column.
lates rior to the deceleration column allowed the scat'
b d'iree t ed into the hemispherical
tere ion beam to be
tered
- nal zer s stem insi d e th e decelerator terminal.
- late system an d thee deceleration
Aeection--p
slits which de ine
were
movable
e e
column
ased on thee hemispherical
e
The analyzer design was base

en-

analyzer,
ig. , wa
and modifications were kept to a minimum
make use of th e s'ignificant amount of existing design cal—
culations of the focal propert'
erties of the device. 35 39
an g ular extent of th e hemispheres was chosen to be 135
ion-beam trajectory. The hemisalong the plane of tthee ionmean
nal yzing
zin eelements
em
were constructed wit a me
pherical ana
c
Ia d'ius 0f 2 540 cm and a separation o .
is heres. The ion optics elements in thhe hemis'
m lens
ens peermitted the conp h erica 1 analyzer and in the zoom
rotons entering t e
trol of the kinetic energy of the proto
which for this experiment was less than
2 eV. A set of real apertures, which were oca e o
first element, created an image a
This minimized the contribution o re ec e
h
ions from the detected signal. Because the obj
ppeared as a virtual aperture, the ener gy resolution result-
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FIG. 2. Cross-sectional

drawing

of the hemispherical energy analyzer which is located inside the decelerator terminal.

ing from the image size was a function of the lens parameters. The operating values of the present analyzer are in
agreement with the design values. Typically, the analyzer
was operated with 0.64 V across the hemispheres. 'The energy resolution of the analyzer system was better than 0.4

eV.
A focused mesh electron multiplier detected the protons
transmitted by the analyzer and was the first stage of amplification for the data signal. The count rates were low
enough to permit pulse-counting techniques and thus the
data were in digital form. Additional amplifiers, discriminators, and a high-speed decade divider shaped the digital
signal before being transmitted over a quartz rod from the
decelerator terminal at high voltage to the pulse counter
in the data acquisition console at earth potential. A Data
recorded the data
General NOVA 3/12 minicomputer
while controlling the scattering-chamber
pressure, accelerator angle, and energy-loss voltage 6 V.
The difference in potential between the variable-angle
ion accelerator and the decelerator 6 V is related to the energy lost by the ion during the collision and is referred to
as the energy-loss voltage. The voltage on the decelerator
was kept constant and, by varying the ion accelerator voltage, an energy-loss spectrum was obtained. When the
energy-loss voltage corresponded to a collisional excitation
energy of a state, a peak was detected in the proton count
rate. Figure 3 shows typical energy-loss spectra acquired
with the UMR-IELS at collisional energies of 25 and 100
keV. The zero energy-loss peak corresponds to both the
unscattered incident proton beam and the elastically scattered protons. The first excitation peaks are at 20.62- and

21.22-eV energy loss, which correspond to excitation of
2'S and 2'P states, respectively.

the

B.

Deconvolution

techniques

Two deconvolution programs were employed to extract
the real differential cross sections from the data. The angular deconvolution program is identical to that reported
earlier ' ' and will be discussed briefly in the following
paragraphs. Before the data were entered into-the angular
deconvolution program, an energy-loss deconvolution program was used in order to subtract the contribution of
current from adjacent state excitations adding to the
detected current of the process being measured.
In order to accomplish this, the NOVA minicomputer
was programmed to acquire the data in a multichannel
sealer mode. Typically, data spectra were taken with 10
mTorr of helium in the scattering chamber and background spectra were taken with no gas in the scattering
chamber. Each spectrum was pressure corrected and the
incidentpossible variance in the scattering-chamber
proton current corrected before the spectra were input to
the energy-loss deconvolution program. This procedure
was repeated for each scattering angle.
The energy-loss deconvolution was performed in a
manner similar to that used to deconvolute total cross secModifications to that program
tions reported earlier. '
allowed for the entire angular set of energy-loss spectra to
be processed initially to correct for the kinematic-energyloss shift in the spectra prior to the energy-loss deconvolu-
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bution at zero scattering angle is assumed to represent the
apparatus energy resolution function @(g). In the equations, 0 is the scattering angle in the laboratory frame and
g is the energy-loss value which has been defined so that
/=0 corresponds to the peak of the elastically scattered
beam. The measured energy-loss spectrum dR (8, $)/dg is
a convolution of the apparatus energy-loss resolution
function C&(g) with the actual energy-loss distribution

dI(8, $)/dg;

L

dR (8, $)

dI(8, g')

dg

dg'

nbn 4

2S 2P

The measured current is a sum of the convoluted excitations located at the proper energy-loss values.
The individual discrete state excitations are taken to be
count rates times 5 functions in energy loss at the energy
values of the various states. The ionization is assumed to
The assumed distribution is
follow a g
dependence.
then a sum over all discrete and continuum states;
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where dI (8, $)/dg is the assumed energy-loss distribution
at a particular scattering angle 0, eq is the excitation energy in eV of the qth atomic state, g'» is the kinematic energy loss due to conservation of energy and momentum,
I~(8) is the magnitude of the contribution atomic state q
has in comprising the energy-loss spectrum, A (8) is the
coefficient of the ionization term. If g is less than the
first ionization threshold 24.59 eV, then A(8) is set to

zero.
A least-squares fit was made to the measured spectrum
dR (8, $')/dg using the assumed distribution dI(8, $)/dg
convoluted with the incident-beam distribution. The general method of a least-squares fit of the data with funcThus one defines
tions is given in Mccalla.
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FICx. 3. Energy-loss spectra for very small angle scattering of
protons by helium at 25- and 100-keV&,b. Notice the change in
relative magnitudes of the 2'S and 2'P at the two energies.

tion of the states. The data with helium in the scattering
chamber
instrument-causedwere
corrected
for
background noise and then normalized to the incidentproton current measured in the scattering-chamber
cup.
Background data, with the scattering chamber evacuated,
were also corrected for instrument-caused-background
colnoise and scaled to account for charge-changing
lisions. ' " Subtraction of the corrected background data
from the corrected data resulted in the data which underwent the energy-loss deconvolution.
In the energy-loss
deconvolution program, the incident-proton energy distri-

dR (8, g;)

where g; is the particular measured energy-loss location,
and the sum is over all energy-loss locations. By minimizing D(8) at each scattering angle, the individual state
count rates I~(8) were obtained.
In general, the higher states made only a small correction to the results for the 2'S and 2'I' states because the
n =2 states are well separated from the rest of the spectrum as can be seen in Fig. 3. The Iz(8) for q =2'S and
2'P obtained from the energy-loss deconvolution were
used in the angular deconvolution program to obtain the
experimentally determined differential cross sections that
are reported in this paper.
The values returned from the energy-loss deconvolution
program resulted in apparent differential cross sections
dsq

Iq(8)

d0

Ipnl AQ

where Iz(8) is the count rate returned from
loss deconvolution program at the scattering
to the qth process, Ip is the total current- at
loss integrated over the scattering angle, n is

the energyangle 8 due
zero energy
the helium-
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TABLE I. Proton-impact excitation of helium to the 2'S, 2'P, and the composite
(25-keV)~, b differential

do

Angle

(mrad,

)

)

1.04
1.36

(3.80+1.30) x10-"

)

(50-keV) ~,b differential

(do.

Angle

(mrad,

)

0.00
0.08
0. 17
0.30
0.42
0.50
0.54

dA),

(cm /sr,

(5. 14+1.19) X 10
(3.46~0. 59) x 10-"
(2.09+0. 39) X 10
(7.72+2. 46) X 10
(3.75+2. 71) x 10-"
(1.65+0. 94) X 10
(1.54' 1.42) X 10
(6.85+1.03) X 10-"

otet(cm )

(75-keV)~, b differential

Angle

(mrad,

)

0.00
0.05
0. 15
0.25
0.36
0.55
0.66
0.77
0.97 .
1.07
{cm')

..

o-.

(do. /dQ)
(cm /sr,

)

(2.75+0. 34) X 10
(2. 12+0.36) X 10
(1.26+0. 40) X 10
(1.04+0. 55) X 10-"
(3.08+0. 72) X 10
(3.88+2. 02) X 10
(2.37+1.90) X 10
(1.94+1.01}X 10
(1.73+1.91)X 10
(8.43+7. 34) X 10
(4.73+0.69) X 10

(100 keV)~, b differential
(do. /dQ}

Angle

(mrad,

0.00
0.03
0. 14
0.24
0.38
0.45
0.58
0.66
0.83

..

o-.

(cm')

)

i

(cm /sr, m)

(8.97+6.98) x10-"
(7.27+5. 37) X 1.0
(2.58+1.74) X 10
{9.22+5. 81) X 10
(2.71+2. 10) X 10
(1.55+1.60) X 10-"
(5.02+6. 28) X 10
(3.86+3.93) & 10
{4.46+4. 06) X 10
(5.36+2.43) X 10-"

=2
)

(1.79+0. 85) X 10-"
(1.24+0. S1) X 10
(7.06+1.40) X 10
(5.40+0. 86) X 10
(3.25+1. 18) X 10
(2.51+0.82) X 10
(9.92+0. 69) X 10
{6.36+1.42) X 10
(3.94+1. 10) X 10
(2.22+0. 14) X 10-"
(8.35+0.26) X 10
(5.31+1.80) X 10-"

cross sections
Composite
(cm /sr,

)

n

=2

m

)

(5.81~4. 12) x10-"

(1.10+0.46) X 10

(3.46+1.99) x 10
{2.13+1.04) X 10
(8.89+5.60) X 10
(3.75 + ] .42) X 1Q
(2.02+1.33) X 10
(1.81+1.59) x10
(7.80+3.00) X 10-"

(6.92+2. 31) X 10
(4.22+ 1. 17) X 10
(1.66+0. 80) X 10
(7.50g2. 75) X 10
(3,67%2. 13) X 10
(3.35%2.90) X 10
(1.47+0. 38) X 10

"

cross sections

{do./dA)

i

n

(cm /sr,

)

(7.22+4. 29) X 10
(4.23+3.61) X 10
(1.92+Q. 89) X 1Q
(1.49+0. 51) X 10
{9.02+4. 40) X 10
(6.83+2. 78) x 10
(1.80+0.49) X 10
(1.27+0. 68) X 10
(1.50+0. 37) X 10
(1.43+0. 65 }X 10
{5.28+1.82) X 10
(1.51+0.82) x 10

(do. /d Q)
(cm /sr,

)

at 2S to 100 keV.
Composite

i

(cm2/sr,

(1.07+0. 52) X. 10
{8.14+2.61) X 10-"
(5. 14+1.14) X 10
(4.07+0. 95) x 10
(2.46+0. 89) X 10-"
(1.82+0. 93) X 10-"
(8. 12+0.20) X 10
{5.09+0.67) X 10-"
(2.44+0. 73) x 10-"
(7.93+7.95) X 10
{3.07+2.02) X 10

0.00
0. 10
0.21
0.31'
0.41
0.52
0.73
0.82
0.94
o tot( cm

(cm /sr,

=2 level

cross sections

(do. /dQ)

Q

n
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Composite

i

(cm2/sr,

)

(1.04+0. 89) X 10
(7.67+0. 86) X 10
(2.81+0.57) X 10
(1.56+0.27) X 10
(6.62+2. 68) X 10
{1.16+0.92) X 10
(2.73+1.52) X 10
(1.74+0. 69}X 10
(8.14+2.05) X 10-"
{4.68+1.34) X 10
(9.64+0. 92) X 10
cross sections

(do. /dQ)

~

(cm /src.

m.

}

(1.85+0. 99)X 10-"
(1.55+0. 68) X 10
(6-71+2.24) X 10
(2.33+1.57) X 10
(6.49+3.35)
(2.45+2. 10) X 10
(7.30+6.40) X 10-"
(3.42+3. 67) X 10
{7.32+9. 81) X 10
(1.37+0. 55) x 10-"

x10-"

(cm'/sr,

n

=2

m )

(1.32+0. 11)X 10
(9.79+1.10) X 10
(4.07+0. 70) X 10

(2.60*0.65) x10-"
(9.70+3.30) X 10-"
(1.55+1.09) X 10
(5. 10+2.47}X 10-"
(3.68+1.68) x 10
(2.54+2. 01) X 10
(1.31+0.87) X 10
(1.44+0. 12) X 10

Composite n =2
(cm /sr,
)

(2.74+1.01) X 10
(2.27+0. 72 X 10
(9 30+3 59)X10

(3.27+1.78) X 10-"
(9.21+4.65) x 10
(3.99+ 3.46) X 10
(1.24+1.25) X 10
(7.26+7. 35) X 10
(1.18' l. 39) X 10
(1.91+0.71) X 10
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target number density, l is the scattering-chamber length,
and EQ is the solid angle subtended by the detector. The
apparent differential cross section is related to the actual
differential cross section by
dsq

dQ

~Qy ~~

J~z

~

1
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s ) s s
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function

of 0 only and can be represented by a truncated Taylor-

lQ~)5!a

series expansion. In this way the actual differential cross
section is deconvoluted from the apparent differential
cross section by the angular deconvolution program. The
mathematics
and a more detailed description of the
method are given in Ref. 3.
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III. DATA AND RESULTS
The results of this investigation represent the first measurements of angular differential cross sections for the excitation of the two singlet states in the n =2 manifold of
helium by proton impact in the 25- to 100-keV energy region. The present measurements are absolute and do not
depend on other experiments or theories in the determination of the magnitude or shape of the cross sections. The
reported differential cross sections are the averaged results
from individual angular-sequence measurements described
h to
earlier. A typical angular sequence required
complete. Table I reports the numerical values of the
various measured angular differential cross sections and
integrated total cross sections at 25-, 50-, 75-, and 100keV impact energies. The uncertainties quoted are one
standard deviation from the averaged results. The 25and 100-keV angular differential cross sections are also
shown in Figs. 4 and 5, along with the theoretical calculations. In some cases, the error bars are smaller than the
graphed data-point symbol.
The errors in the absolute magnitudes of the differential
cross sections were determined by the uncertainties inherent in the measurements of the apparent differential
cross sections given in Eq. (1). These were I~(8) —(+5%);
(+ 1.8%); and
Io —( +0. 1%); n —(+2. 5%); l —
bQ —
(+5%). This results in the uncertainty in the absolute magnitude of the differential cross sections to be
+7. 7%. This uncertainty affected the 2'S and 2'P cross
sections in a similar manner. Other errors or uncertainties included collisional energy —
(+3%); energy-loss scale
—(+0. 1%); and the angular position —(+19 grad~»).
The 2'S and 2'P total cross sections were obtained by
numerically integrating the present differential cross sections according to the equation

(

(2)

lOO keV) ~

(o-" -~te
-

-7

dQ

s

~

$

25 keV~, &

„'(8)=f(8) dsq„'(8),
is a slowly varying

~

C

dOq

f(8)

~

H++ He
2'S excitation

where Lx and Ay are the width and height of the detector
window, Q' represents the direction of the incident ion
beam, and dI/dA is the angular distribution of the incident ion beam. In order to obtain the actual differential
cross section from the apparent differential cross section
we take

where

s)

i

O-12—

I

s

OO

s
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a

I

a

a

s

s

I
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s

s

s

l

a

0.4
e~
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s

s

I

a

a

s

sN

0.8
(mrad)

FICx. 4. Angular differential cross sections for the 2'S excitation of helium by 25- and 100-keV&,b-proton impact. The circles
are data from the present work. The error bars represent one
standard deviation in the averaged, deconvoluted data (see text).
The theoretical calculations are 81, short dash, Ref. 7; ESA,
solid curve, present work; FSA, long dash dot dot, Ref. 7; GA2,
long dash dot, Ref. 9; SSG, short dash dot, Ref. 9; TSA, long
dash, Ref. 7; and VPSA, short dash dot dot, Ref. 10.

„

where 0
is the largest scattering angle for which data
were acquired. There was a concern that the measured
angular data went to large enough angles to provide an accurate total cross section. Therefore, the contribution to
the total cross section . for protons scattered at angles
greater than
„was estimated by a linear extrapolation.
The extrapolated data amounted to a negligible fraction of
the integrated total cross section over the actual data
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The differential cross sections measured by the energyloss technique of the present work were numerically integrated according to Eq. (2) to obtain total cross sections.
Previously measured total cross sections include the work
of Park and Schowengerdt' for proton-impact excitation
of helium to the n =2 states in the 25- to 125-keV
impact-energy region using the energy-loss technique, and
the work of Hippler and Schartner using the optical technique for the 2'P, 3'P, and 4'P total cross sections in the
150- to 1000-keV impact-energy region. The present data
are in good agreement with the previous results, except at
25 keV where the present results indicate that the 2'S total cross section is greater than the 2'P total cross section.
However, at 25 keV our results lie within the error bars of
the previous measurements.
While the various theoretical approximation techniques
generally agree in their predictions of the total cross sections, their different physical assumptions may result in
different predictions of the corresponding
quantitatively
angular differential cross sections. Thus a more stringent
test of the theoretical models is effected by comparing
them with experimental cross sections which are differential in angle. The first measurements of angular differential cross sections for proton-impact excitation of helium
to the n =2 levels were published in 1978 by Park et al.
The energy and angular ranges of those measurements
were similar to that of the present data. In 1981, improvements to the apparatus extended the angular range
of the measurements to, in some cases, over 3 mrad in the
center-of-mass system.

C
CP

6

I

b ce
lO

Q

8

r ] r

v

v

~

~

v

~

~

v
~

r

v

~

r

'~

~

~

~

~

/

~

f

~

l

$

~

'I

~

'

~

~

~

~

~

~

H++He

la

Io-lo
I

~

I

~

~

~

lO

~

I. . .

Xl,

~

LL

0.4

8

0.8

lO-

(mrad}

FIG. 5. Angular differential cross sections for the 2'P exritation of helium by 25- and 100-keV~, b-proton impact. The symbols are the same as described in Fig. 4, with the addition of
GA1 (dot dot, Ref. 8).
IV. DISCUSSION
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A. Experimental studies
Although the present results are the first measurements
of angular differential cross sections for the excitation of
helium to the 2'S and 2'P states by proton impact, related
measurements have been performed for this system. Prefor excitation to the first excited
vious measurements
states from the ground state in this system were for either
or angular differential cross sectotal cross sections'
tions for excitation to the composite n =2 level, summed
over the individual n =2 states.
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FIG. 6. Experimentally determined composite n =2 angular
differential cross sections for proton-impact excitation of helium
at 25-, 50-, and 100-keV~, b. The 25- and 100-keV cross sections
have been multiplied by 100 and 0.01, respectively, for clarity.
The circles are data of the present work and the solid lines are
absolute measurements from Ref. 3. For small scattering angles, the error bars are comparable in both works.
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By adding together the individual differential cross sections of the present work, a comparison with previous results ' is made. As shown in Fig. 6, the 1978 measurements are in excellent agreement with the present differential cross sections. The experimental technique in
both cases was an energy-loss technique; however, the
data acquisition and apparatus differed significantly beThe agreetween the former and present measurements.
ment of the present data with the previously reported
composite n =2 angular differential cross sections and the
previous individual 2'S and 2'P total cross sections indicates the accuracy of the three absolute, independent meaWith this three-way agreement between the
surements.
measurements, definitive statements about the scattering
processes are now possible.

B.

Previous theoretical calculations

State-resolved angular differential cross-section deteremminations are very sensitive to the approximations
ployed. For the proton-helium system there exist several
calculations in various theoretical frameworks highlighting different physical processes of the collision. In general, the agreement of the theoretical calculations with the
experimentally measured cross sections improves with increasing impact energy. This is consistent with the approximations inherent in the calculations. The 2 P differential cross section, was accurately predicted at all energies by three different theoretical calculations, whereas for
the 2'S excitation, agreement of the calculations with our
data was limited to the impact energy of 100 keV. Even
at this energy, the calculations generally underestimated
the differential cross section.
In 1974, Flannery and McCann reported theoretical
calculations of the angular differential excitation cross
sections for proton-helium scattering at intermediate energies. They presented the first Born (Bl) approximation
and the results of a two-state approximation (TSA) and a
four-state approximation (FSA) which were based on the
multistate
impact-parameter
approximation
(MSIPA).
The first Born approximation ignores the dynamics of the
collision; thus it simplifies the collisional system to the
point that detailed information of the system is lacking.
This reduces its usefulness to that of a reference calculation which provides at best moderately accurate results
for intermediate energy collisions.
The other two calculations reported in Ref. 7 were con. ducted in the MSIPA. In the TSA the initial helium state
(ls ) I'S and the particular final helium state ( ls 2s) 2'S
or ( ls 2po) 2'P and (1s2p+~ ) 2'P are employed to calculate the differential cross sections. By limiting the sum
over the states to the initial and final states, only the
direct excitation channel was included and all other couplings were omitted. This resulted in the small angle
scattering having an angular dependence similar to B1,
which includes only direct excitation.
The four-state approximation
(FSA) includes the
(1s ) 1'S, the (1s2s) 2'S, the (ls2po) 2'P, and the
(1s2p+~) 2'P states for calculating the differential cross
sections. By expanding the sum in the MSIPA to include
all n =2 singlet states, the FSA accounted for direct exci-
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tation as well as the coupling between the 2'S and 2'P
states. The FSA resulted in angular differential cross sections which were in generally good agreement with our
data as shown in Figs. 4 and 5. The difference between
the FSA and the TSA at small angles is due to the longrange 2s-2p coupling, which is not taken into account in
the B1 or TSA.
There have been two differential cross-section calculations performed in the Glauber approximation for excitation in the proton-helium system. Chan and Chang employed the Glauber approximation (GA1) for calculating
the 2'P cross section at 25-, 100-, and 1000-keV impact
energies. The differential cross sections were reported as
functions of momentum transfer. The small-angle approximation was employed to convert momentum transfer
to scattering angle. The GA1 results appear to "blow up"
as the scattering angle goes to 0 mrad.
Sur et al. have also presented results for a full
Glauber approximation (GA2) and for a single scattering
Glauber approximation (SSG). The SSG approximation
term in the full Glauber
neglects the double-scattering
amplitude. These results are shown in Figs. 4 and 5. In
the 2'P case the GA2 and SSG results are similar. However, the GA2 results provide the best agreement with our
data. At 100 keV the GA1, GA2, and SSG results are all
falling off faster than our data at the largest scattering angles measured. In the 2'S case the GA2 and SSG results
are in poor agreement with our experimental results at 25
keV. At 100 keV the curve shapes are in better agreement, but the magnitudes of the angular differential cross
sections are less than our data.
Theodosiou'
the Vainshtein-Presnyakovapplied
Sobelman approximation (VPSA) to this system in 1981
to obtain the differential cross sections at 25-, 50-, and
100-keV impact energies. Essentially, the VPSA is an imThe scattering
provement of the Born approximation.
event is assumed to be due to interaction between the proton projectile and the active electron. This interaction is
treated exactly. The VPSA accounts for the distortion of
the atomic system by the Coulombic field of the proton
by also examining the projectile-target core interaction.
The wave functions are also required to have the correct
This results in a differential cross
asymptotic form. ' '
section which has a factor multiplying the differential
cross section obtained from the first Born approximation.
The factor is a complicated function of the momentum
transfer and is less than one.
For the 2'S case (see Fig. 4) the VPSA results are too
low near 0 mrad and at the larger scattering angles they
are falling too rapidly. For the 2'P case (see Fig. 5) the
VPSA results at 25 keV are too high near 0 mrad. The results at 100 keV represent the data well, as do the other
calculations, for the very small scattering angles near 0
mrad. However, again at the larger scattering angles the
VPSA results fall too rapidly.

C. Eight-state approximation

'

The inclusion of additional states to account for electron capture have been suggested'
as possible improvements to the FSA. This would include the additional cou-
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plings that are thought to affect excitation to the n =2
states of helium. At 25-keV impact energy, the electroncapture cross section to all bound atomic-hydrogen states
is an order of magnitude larger than the n =2 excitation
cross section. '
The electron capture into the 2p state of
atomic hydrogen is very close in energy with the excitation of the 2'P states of helium according to the molecular
correlation diagram. This is a long-range effect, so the
smail angle scattering into the 2'S and 2'P states should
be affected.
To investigate this coupling, we have performed an
eight-state approximation (ESA) calculation in the MSIPA framework. The method used a two-center atomicorbital (TCAO) expansion
which included
electron
translation factors (ETF's). '" The ESA calculation employed hydrogenic wave functions for the 1s, 2s, 2po, and
2p+i states of hydrogen and the 1s state of the He+ ion
as well as the (ls ) 1'S, (ls2s) 2'S, (is2po) 2'P, and
(Is2p+&) 2'P states of helium. The wave functions used
for the helium atom were those employed by Flannery and
McCann.
The results of this calculation are shown in
Figs. 4 and 5. One of the overall effects of including the
electron-capture channels into the MSIPA calculation was
to decrease the magnitudes of the differential cross section
for excitation to both the 2'S and the 2'P states at lower
energies. The agreement of our ESA calculation with our
data is generally very good. The 2'P differential cross
sections were accurately predicted by our ESA over the
present energy region 25 to 100 keV. At the higher energies, both our ESA and the FSA calculations predicted a
similar angular dependence of the differential cross sections. This is consistent with the fact that the magnitude
of the electron-capture cross section is decreasing at the
higher impact energies.
Another effect of including the electron-capture channel into the calculation was to smooth out the structure in
the 25-keV, 2 S differential cross-section prediction of the
FSA calculation. Compared with the FSA prediction, our
ESA resulted in better agreement of the predicted differential cross section with our data at angles greater than
6 mrad in the center of mass. There appears to be an
observed increase in the agreement of the predictions with
the data as more states are included in the MSIPA.

-0.
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2'P states of

helium by proton impact as a function of
scattering angle. The angular range of our measurements
was limited to the very small angle scattering region,
which is important in determining the total cross section.
The present measurements are absolute. They are in good
agreement with the previous measurements of either the
composite n =2 angular differential cross sections or the
total cross sections of the individual state excitations.
The theories were in general agreement with our data
for the differential cross sections for the optically allowed
2 P excitation and were in poorer agreement with the optically forbidden 2'S excitation. One conclusion that was
made from studying the multistate-impact-parameter
approximations and our data is that the coupling between
the various states during the collision is important in the
excitation of the n =2 states of helium. The poorer
agreement of the theories with the data for 25-keV impact
energy may indicate that additional state couplirigs would
more accurately describe the scattering at the lower impact energies. This was observed in the improved agreement of our ESA calculation over the TSA calculation
with our data.
underesThe Glauber approximations
systematically
timated the 2 S differential cross sections, yet agreed fairly well with the 2'P differential cross sections. However,
the agreement of the GA2 2'P calculations with the data
may be fortuitous because the inclusion of the doublescattering term resulted in worse agreement with the 2'S
differential cross sections.
This effort has demonstrated the importance of stateresolved angular differential cross sections in the protonhelium scattering system. This system can be probed at a
deeper level because the 2'P cross section is a composite
0 and mL, + I sublevel cross sections
of the different mL —
of that state. By performing coincidence measurements
between the scattered protons which have excited the 2'P
state and the 58.4-nm 2'P-1'S photons, these cross sections can be obtained.
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